Background
Introduction
Diarrheal disease remains the fourth most common cause of mortality and second most common cause of morbidity worldwide in children under the age of 5 years. [1] Despite accounting for approximately one-fifth of all acute gastroenteritis (AGE) worldwide across the age range [2] , norovirus has received considerably less attention from the press and has fewer program initiatives than other high burden infectious pathogens. For example, programs that focus on rotavirus (e.g., Global Rotavirus Surveillance and Global Rotavirus Laboratory Networks, and ROTA Council) do not have equivalent counterparts for norovirus. Accordingly, norovirus may receive less funding and financial support. A systematic review of United Kingdom studies suggests that funding and attention from policy makers for norovirus is not proportional to its disease burden. [3] There are several possible reasons for comparative lack of attention towards norovirus. First, disease burden has been challenging to estimate, in part because diagnostics of adequate sensitivity have not been widely available. Second, some associate norovirus primarily with outbreaks in cruise ships (which may be perceived to be of relatively minor health importance) and healthcare facilities [4] ; however, of the estimated 20 million annual cases in the United States, only a small fraction (<1%) are associated with reported outbreaks. [5] Third, although norovirus is perceived to only cause self-limiting, mild gastroenteritis that rarely requires medical care, causes severe disease, or death, there are an estimated 70,000 norovirus-associated deaths among children <5 years annually worldwide. [6] Also, funding organizations and policy makers that focus on low-and middle-income countries (LMICs) may consider norovirus more of a priority for higher income countries, as those are the settings in which most norovirus data are generated. [2] With a number of norovirus prevention and control measures currently under development (e.g., antiviral, disinfectants, and, most notably, vaccines [7] ), understanding the global economic burden of norovirus is increasingly timely and critical. Decision makers such as funders, policy makers, public health officials, and product developers need more economic information to determine where norovirus should fall on their list of priorities and how much time, effort, and resources to invest. Moreover, without more information on the worldwide distribution of the economic burden, there may not be enough evidence on where and/or whom to target efforts and resources. For example, how does the economic burden of norovirus compare between high income countries and LMICs? To date, economic studies of norovirus quantified the impact of several outbreaks in hospital settings and community cases and determined the cost-effectiveness of a hypothetical norovirus vaccine, all in high income countries (including the United States, Switzerland, and Scotland). [8] [9] [10] [11] [12] To our knowledge, there has not been a systematic international assessment of the cost of norovirus. Thus, we developed a computational simulation model that can estimate the economic burden of norovirus in each country/ area (i.e., territory/state) by WHO region and globally.
Methods

Model Structure
We constructed a computational simulation model in Microsoft Excel (Microsoft Corporation, Redmond, WA) with the Crystal Ball add-in (Oracle Corporation, Redwood Shore, CA) to estimate the economic burden of norovirus for any country, from the third party payer, health system, and societal perspectives. The model first determines the number of norovirus illnesses and norovirus-associated deaths in each of four age-groups (0 to 4 years old, 5 to 14 years old, 15 to 54 years old, and 55 years and older; referred to as young children, older children, adults, and older adults, respectively) in the specified country/area. Each norovirus case had probabilities of seeking medical care (i.e., outpatient or ambulatory care visits) and hospitalization. Additionally, each case had a probability of missing productive days (e.g., work or school days).
Third party payer or health system costs included all direct medical costs of illness (i.e., outpatient visits and hospitalization). Societal costs included direct and indirect (i.e., productivity losses due to absenteeism from work or school and mortality) costs. The cost per hospital bed day and duration of hospitalization were used to estimate hospitalization costs. Daily income served as a proxy for productivity losses associated with absenteeism and lost productive days due to norovirus illness and were accrued by all norovirus cases. A norovirus-specific premature death resulted in accruing the net present value of that person's lifetime earnings, based on person's age of death and his/her remaining years of life based on life expectancy. Costs are presented in 2013 US dollars, with past costs converted using country-specific Consumer Price Index (CPI) ratios, and future costs (future lifetime earnings) discounted at 3%, annually.
Data Inputs and Sources
All inputs were age-and country-specific when available; Table 1 shows our model parameters, values, and sources at the regional and global level, while the S1 and S2 Tables provides country level inputs. We utilized data from the United Nations to determine the countries/areas included in our study and their 2010 population estimates. [13] The model calculates the number of norovirus cases and deaths in each country/area based on incidence data (median number of illnesses and deaths per 100,000 population; Table 1 ) from Foodborne Disease Epidemiology Reference Group (FERG). [14] FERG provides estimates of norovirus incidence and mortality by WHO region that account for the heterogeneity among countries within each region. Due to a lack of national incidence data for most countries our model utilized these region specific estimates of norovirus illness and deaths, modeled as distributions. The total number of cases was divided into age groups by applying the probability of a norovirus case being in a given age-group (Table 1) . We calculated this distribution by normalizing the agespecific AGE incidence rate (i.e., dividing age-specific rates by total population rate) to determine the age-distribution of norovirus cases. Likewise, we determined the age distribution of norovirus deaths (Table 1) . These probabilities were region-and WHO mortality stratum-specific and calculated by dividing the number of diarrheal deaths in each age-group by the total number of diarrheal deaths in the Global Burden of Disease 2010 data (i.e., we assumed that the age distribution of diarrhea deaths was representative of norovirus deaths in the absence of other data). [15] These calculated probabilities were applied to the total number of norovirus cases and deaths, in each location, thus determining the age distribution.
For young children in LMICs, the probability of seeking medical care for diarrhea (S2 Table) came from a study of Demographic Health Surveys (DHS) over 28 years (1985 to 2013) capturing nearly 1.4 million children across all datasets. [16] That study defined medical care seeking as a child taken to a medical facility, including all public and private medical facilities, however it did not include pharmacy or traditional healers which are also included in DHS surveys. The probability of seeking outpatient treatment for ages and countries not captured in the DHS datasets were derived from studies on the self-reported care seeking behavior for AGE (S2 Table) . [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] For countries in which there were no data available, we created a distribution (S2 Table) from countries in the same WHO region with the same income classification for which data were available. These income classifications were defined according to the World Bank (low income: $1,045; lower middle income: $1,046 to $4,125, upper middle income: $4,126 to $12,745, and high income: $12,746). [31] For example, with no healthcare seeking behavior data available for high income countries in the European region, data from Italy, Poland, France, and Ireland (the 4 countries in which data were available) were used to generate distributions by age, that were then sampled for all other high income countries in the European region. In the absence of data, we assumed that older children (5 to 14 years old) and adults (15 years and older) were 79.4% and 56.9%, respectively, as likely to seek care as young children (0 to 4 years old; Table 1 ). [16, [18] [19] [20] [21] [22] [25] [26] [27] We derived these from studies in which data were reported for all age groups, where we calculated the proportion of older children and adults seeking care relative to younger children seeking care. We then created a distribution of weights by taking the mean and standard deviation across the calculated proportions. In the absence of hospitalization rates for many countries (especially LMICs), we derived the age-specific probability of hospitalization by dividing United States estimates of norovirus hospitalizations [32] by United States norovirus incidence [33, 34] , as described in our previous study [12] . Hospitalization rates in other high income countries are similar to those seen in the United States [35] , though data are lacking from lower income settings. Gross national income (GNI) per capita (Atlas Method), used to estimate daily income (GNI/365 days, which inherently accounts for non-work days), came from the World Bank [36] and was supplemented with data from the UN [37] when not available (S1 Table) . When not available from either source (3 countries and 17 areas), we utilized the average GNI from similar countries in the same region (defined by income classification when available or similar economies and industries). The cost of an outpatient visit and hospital bed day in US dollars (S1 Table) came from WHO Choice 2008. [38] For countries in which no estimates were available we calculated the average ratio of healthcare costs compared to the daily wage for that region and applied this to the daily wage for countries missing healthcare cost data in that region. In the absence of norovirus specific data, we assumed persons accrued missed productive days equal to the duration of illness, 2 days (range: 1 to 3). [39] Life expectancy data came from the WHO Global Health Observatory (WHO GHO) [40] and was country-specific when available. When not available, we used the life expectancy of corresponding WHO region for that country.
Simulation Scenarios and Model Outcomes
In our baseline scenario we assumed that everyone with norovirus illness accrued lost productive days, used the healthcare seeking ratios found in Table 1 , and used the probability of hospitalization from the United States. As there are no reliable data for hospitalization in LMICs and a majority of high income countries, an additional scenario calculated economic impacts excluding hospitalization. Additional scenarios evaluated the impact of various assumption on the proportion of productive days missed due to illness (25%, 50%, and 75%); in these scenario, productivity losses were accrued for the duration of an outpatient visit (half a day) if seeking care but not missing productive days. We varied other key parameters in sensitivity analysis to quantify the uncertainty resulting from unknowns regarding the influence of different national healthcare systems and access to care. Thus, additional one-way sensitivity analysis varied the following parameters: the probability of hospitalization (0% to distributions in Table 1 ), the ratio of care seeking behavior for older children (10% to 100%) and adults (10% to 70%), the probability of missing productivity days (25% to 100%), and daily income (+/-20%).
For every simulation, the number of norovirus illnesses, deaths, and their associated costs were estimated for each country/area from each perspective and summed to give the total for all WHO regions, income strata, and worldwide. Simulation runs consisted of 10,000 probabilistic (i.e., Monte Carlo) trials, varying each parameter throughout their ranges to estimate uncertainty. We report the median and 95% uncertainty interval (95% UI), based on the 2.5 th and 97.5 th percentiles across the 10,000 Monte Carlo trials.
Results
Globally annually. Approximately half of all productivity losses were due to mortality. When excluding hospitalization, norovirus resulted in a median $2.8 billion (95% UI: $2.1-$3.9 billion) in direct health system costs, costing society a total of $59.1 billion (95% UI: $43.4 to $81.8 billion). Table 2 shows the breakdown of norovirus gastroenteritis illnesses, deaths, healthcare costs, productivity losses, and societal costs by age group. Disease amongst children <5 years accounted for approximately $39.8 billion (95% UI: $27.2-$58.1 billion) in total societal costs, compared to $20.4 billion (95% UI: $16.9-$25.4 billion) for all other age groups combined. This pattern was consistent across all regions. Globally, productivity losses accounted for 93% of the total economic burden. This proportion was fairly consistent for all regions and age groups (91% to 99%), except for European countries in which productivity losses represented 84% to 91% of the total burden. Fig 1 shows the median cost per norovirus illness by age group for each region and globally. Overall, norovirus cost $86 per illness globally. There are different age patterns in cost per illness in almost every region, largely due to variations in care seeking behavior across regions and the proportionally large number of deaths among older adults (compared to the other age groups). Health system costs for norovirus illness were highest among older adults in all regions except South-East Asia and the West Pacific, where health system costs were higher among young children. Despite health system costs being the highest among older adults in 4 regions, the societal costs were only highest among older adults in 2 of these regions (region of the Americas and Eastern Mediterranean). Older adults in the European region had the highest health system cost per illness at $25.98, but older adults in the region of the Americas had the highest societal illness costs ($281.02).
Globally, LMICs have a greater cumulative norovirus disease burden (82% of total global illness and 97% of global deaths) compared to high income countries, but norovirus-associated costs were consistently higher in high income countries (Table 3) . However, the number of illnesses per 100,000 persons were similar for LMICs and high income countries (10,148 vs. 9,935), thus the large cumulative disease burden in LMICs reflects that~82% of the global population lives in LMICs. Sixty-two percent of global health system costs were generated by high income countries. Norovirus cost society $45 and $274 per illness in LMICs and high income countries, respectively, with productivity losses driving much of the cost as health system costs were $3 and $20 per illness in LMICs and high income countries, respectively. Thus, productivity losses represented 93% of total costs in high income countries and 94% in LMIC. Fig 2 shows the magnitude of impact that key parameters had on estimates of the total global healthcare costs and societal costs. In this tornado diagram, the x-axis shows the deviation in costs from a base case in which all parameters on the y-axis are held at their median values (e.g., half of the distribution value for the probability of hospitalization, 63% probability of missing productivity days). Using median values for these parameters, norovirus generated a total of $3.4 billion (95% CI: $2.6-$4.6 billion) in health system costs and $47.2 billion (95% UI: $36.6-$62.7 billion) in societal costs globally. The width of the bar shows the range of the impact each parameter had when varied from its minimum to maximum value. Globally, total healthcare costs were most affected by the probability of hospitalization (Fig 2A) , while societal costs were most affected by the probability of missing productive days (Fig 2B) . The patterns illustrated in Fig 2 were similar for most regions; except for Africa, where care seeking in adults and older children had a larger impact on societal costs than the probability of hospitalization, and South-East Asia, where care seeking in older children had a larger impact on societal costs (after missed productivity days and income).
Further exploring the impact of missing productive days, global societal costs were $51.8 billion (95% UI: $39.5 -$69.8 billion), $43.9 billion (95% UI: $34.6 -$57.2 billion) and $35.9 billion (95% UI: $29.7 -$44.2 billion) when the probability of missing productive days was 75%, 50%, and 25%, respectively. While societal costs decreased (as a result of lower productivity losses), productivity losses still represented a substantial portion of the total burden as premature mortality resulted in $17.8 billion globally. Even when only 25% of illnesses missed productivity days, productivity losses represented 86% and 91% of the total burden in high income and LMICs, respectively, as they are largely driven by pre-mature mortality.
Discussion
Worldwide, we estimate that the approximately 699 million norovirus illness and 219,000 deaths result in $4.2 billion (95% CI: $3.2-$5.7 billion) in health system costs and $60.3 billion (95% CI: $44.4-$83.4 billion) in societal costs annually. Productivity losses represent the largest portion of this economic burden in all regions-of which, half of losses were due to norovirus deaths. As most persons with AGE do not seek medical care and therefore do not incur healthcare costs, overlooking productivity losses would severely underestimate the true cost of norovirus illness. Total cost was most sensitive to hospitalization rates, probability of missing productive days, and care seeking rates. Lacking better data on how norovirus affects productivity, our baseline scenario assumed that everyone would lose productivity time each day ill (1 to 3 days). However, it may be unlikely that everyone with norovirus have a productivity decrement, thus additional scenarios evaluated the impact of this parameter. These scenarios also serve as a proxy for uncertainty in the labor force, especially in LMICs where productivity losses may be less of an issue if only one parent works. Total societal costs were still considerable, $35.9 billion (95% UI: $29.7 -$44.2 billion), when only 25% of illnesses missed productive days, as half of all productivity losses are due to norovirus mortality. Our results suggest that the economic burden of norovirus gastroenteritis may exceed that of other diseases that have received more attention. For example, the annual societal cost of rotavirus in LMICs is an estimated $423 million ($262 million to $590 million) and direct medical treatment costs results in an estimated $325 million ($202 to $453 million) in the absence of vaccination (2007 values) [41] . Globally, rotavirus is estimated to cost $2 billion annually (2007 values). [42] Although the general methodologies of these studies are similar (identifying the number of cases and associated unit costs), caution should be taken when making comparisons as there is variation in specific costs included. For example, diagnostic test and medication costs were included and only productivity losses for caregivers were considered in the LMIC cost estimates. Besides the differences in methodology, norovirus may also be more costly as it is practically ubiquitous, affecting persons of all ages, in all locations worldwide, and with the potential for multiple episodes throughout life. This contrasts with other pathogens, such as rotavirus, which predominately affect young children. While the global economic burden of rotavirus may be lower than norovirus, rotavirus is more clearly established as a cause of death in young children, which is likely part of the reason hence it has been identified for decades as an important vaccine target.
Our results also demonstrate the considerable economic burden of norovirus in both high income countries and LMICs, highlighting that norovirus is a truly global problem. When determining global and LMIC priorities, focusing on mortality and major chronic outcomes can overlook diseases such as norovirus AGE, for which severe outcomes are uncommon. Such self-limiting but high incidence diseases still result in productivity losses that cumulatively can lead to considerable burden to society. Tracking productivity losses can be challenging, but ultimately are important to consider. LMICs with fewer material resources and human capital may be particularly susceptible to productivity losses. [43] As our study shows, productivity losses represent 94% of the total burden in LMIC when 100% of illnesses accrue productivity losses and 91% when only 25% miss productive days. These productivity losses likely represent a large portion of a household's income in LMICs. For example, productivity losses accounted for 73% of spending for rotavirus in Malaysia and households with the lowest income are more likely to experience catastrophic payments than those with the highest income [44] ; in Bolivia, indirect costs equate to 3 to 4 days of income [45] and in Kenya direct and indirect costs represent a large part of a households monthly income [46] . These results can inform funding agencies and public heath bodies regarding where to best allocate limited resources and gauge investments and potential returns for interventions and control measures. Without additional investment and attention, some efforts may not be realized. This is especially important with vaccines for norovirus, which are in the development pipeline. [7] Different vaccine candidates are at various stages of clinical development with a bivalent intramuscular formulation expected to soon progress to Phase III clinical trials. Our analysis clearly shows that the total economic burden is greatest in young children but that the highest cost per illness is among older age groups in some regions. These findings can be used to help identify which age group and/or geographic regions may benefit the most from a norovirus vaccine. However, it should be noted that the data underlying the illness burden estimates in adults and children over 5 years of age are limited, especially in LMICs, and are based on very few studies [2, 14, 47] .
Limitations
All models, by definition, are simplifications of reality [48] and therefore cannot account for every possible event or outcome. Our model attempted to be conservative about certain costs of norovirus. Our intention to estimate the economic burden based on established health burden estimates and it should be noted that some studies exclude vomiting-only norovirus episodes, which may represent 13-27% of cases in the community [49, 50] , and therefore underestimate the true cost burden of all norovirus illnesses. We did not include the costs of any treatment administered outside the formal health system (e.g., traditional healers, oral rehydration) as their use may vary by region and symptoms and there is limited data on cost and usage. We also excluded losses due to long term growth impairment [51] and chronic disorders that may be a consequence of norovirus infection (e.g., post-infectious irritable bowel syndrome, constipation, dyspepsia, and gastroesophageal reflux disease) [52] . Additionally, we did not model the potential impact of malnutrition, which may be a risk factor for an increased duration of diarrhea [53] , as its impact is not well quantified outside of a few small studies in specific locations (e.g., rural and slum areas) that show a longer duration [54] [55] [56] . Even though our model utilized distributions for norovirus illness and death that accounted for heterogeneity across countries in each WHO region, our results may overestimate the number of each in some countries and underestimate in others. For example, the rate of norovirus in the United States and Canada most likely falls at the lower end of the reported distribution for the region of the Americas. Additionally, the age distribution of AGE deaths may not be representative for norovirus, especially if a large portion were due to rotavirus, which disproportionally causes disease and deaths in children <5 years. We assumed all norovirus episodes had the same likelihood of seeking care, and we made broad generalizations about the probability of hospitalization and although varied in sensitivity analysis, this parameter has a large impact on costs. Our estimates can be refined as more and better data become available. More reliable data on care seeking behavior, hospitalization rates for AGE, and missed productivity, especially for LMICs and older children and adults would be particularly useful. It should be noted that data inputs for our model derived from different hierarchical levels (e.g., country, region, globe, and ages) that may introduce unknown bias. 
Conclusions
Our results present an economic argument for greater consideration of norovirus. The large cost of norovirus overwhelmingly are from productivity losses resulting from acute illness. Thus, these results point to the importance of taking a broader view of economic impact that includes productivity losses. Productivity losses tend to go unrecognized, but make up 94% of the global economic burden of norovirus. Focusing only on medically-attended outcomes substantially underestimates the total economic impact of norovirus illness. Additionally, low, middle and high income countries all have a considerable economic burden, suggesting that norovirus gastroenteritis is a truly global economic problem.
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